BMI = body mass index; CNS = central nervous system; COPD = chronic obstructive pulmonary disease; CPT = Current Procedural Terminology; IQR = interquartile range; OR = odds ratio; SIRS = systemic inflammatory response syndrome; SSI = surgical-site infection; WBC = white blood cell. obJective Preoperative corticosteroids and chemotherapy are frequently prescribed for patients undergoing cranial neurosurgery but may pose a risk of postoperative infection. Postoperative surgical-site infections (SSIs) have significant morbidity and mortality, dramatically increase the length and cost of hospitalization, and are a major cause of 30-day readmission. In patients undergoing cranial neurosurgery, there is a lack of data on the role of patient-specific risk factors in the development of SSIs. The authors of this study sought to determine whether chemotherapy and prolonged steroid use before surgery increase the risk of an SSI at postoperative Day 30. methods Using the national prospectively collected American College of Surgeons National Surgical Quality Improvement Program (ACS NSQIP) database for 2006-2012, the authors calculated the rates of superficial, deep-incisional, and organ-space SSIs at postoperative Day 30 for neurosurgery patients who had undergone chemotherapy or had significant steroid use within 30 days before undergoing cranial surgery. Trauma patients, patients younger than 18 years, and patients with a preoperative infection were excluded. Univariate analysis was performed for 25 variables considered risk factors for superficial and organ-space SSIs. To identify independent predictors of SSIs, the authors then conducted a multivariate analysis in which they controlled for duration of operation, wound class, white blood cell count, and other potential confounders that were significant on the univariate analysis. results A total of 8215 patients who had undergone cranial surgery were identified. There were 158 SSIs at 30 days (frequency 1.92%), of which 52 were superficial, 27 were deep-incisional, and 79 were organ-space infections. Preoperative chemotherapy was an independent predictor of organ-space SSIs in the multivariate model (OR 5.20, 95% CI 2.33-11.62, p < 0.0001), as was corticosteroid use (OR 1.86, 95% CI 1.03-3.37, p = 0.04), but neither was a predictor of superficial or deep-incisional SSIs. Other independent predictors of organ-space SSIs were longer duration of operation (OR 1.16), wound class of ≥ 2 (clean-contaminated and further contaminated) (OR 3.17), and morbid obesity (body mass index ≥ 40 kg/m 2 ) (OR 3.05). Among superficial SSIs, wound class of 3 (contaminated) (OR 6.89), operative duration (OR 1.13), and infratentorial surgical approach (OR 2.20) were predictors. coNclusioNs Preoperative chemotherapy and corticosteroid use are independent predictors of organ-space SSIs, even when data are controlled for leukopenia. This indicates that the disease process in organ-space SSIs may differ from that in superficial SSIs. In effect, this study provides one of the largest analyses of risk factors for SSIs after cranial surgery. The results suggest that, in certain circumstances, modulation of preoperative chemotherapy or steroid regimens may reduce the risk of organ-space SSIs and should be considered in the preoperative care of this population. Future studies are needed to determine optimal timing and dosing of these medications.
E vEry year, more than 100,000 cranial neurosurgical procedures are performed nationally (http://hcupnet. ahrq.gov). Patients are frequently prescribed regimens of corticosteroids or chemotherapy for days to weeks preoperatively, depending on the diagnosis. In neurosurgery, neoadjuvant chemotherapy often plays a role in the management of neoplasms, and steroids are very useful in decreasing cerebral edema, inflammation, and symptoms related to increased intracranial pressure. 8, 17, 29 However, both therapies may compromise immunity; neutropenia is a well-known complication of chemotherapy, and corticosteroids broadly attenuate the action of leukocytes and inflammatory mediators. [2] [3] [4] 10, 26 It is less established, however, whether these therapies affect the risk of surgical-site infections (SSIs) in cranial neurosurgery patients after data are controlled for potential confounders.
SSIs are among the most common types of hospitalacquired infections and are responsible for increased mortality, poorer functional outcome, 1 million days in excess hospital stay, and more than $1.5 billion in additional health care expenditures. 7 In neurosurgery, SSIs are also a major cause of early hospital readmission within 30 days of discharge. 5, 30 The incidence of cranial SSIs-categorized as superficial, deep incisional, or organ spaceranges between 0.7% and 6.6% in large studies. 9, 18, 32 Risk factors for SSIs include operative duration, advanced age, diabetes mellitus, American Society of Anesthesiologists (ASA) class, and wound class. 19, 20, 32, 33 Knowledge of risk factors as they pertain to neurosurgery is essential in determining ideal timing for preoperative regimens, selecting optimal patients, and guiding appropriate postoperative management.
Although substantial evidence has been documented in other surgical specialties, 16, 22, 34 less is known about the effects of chemotherapy and steroids-and patient-specific factors in general-on the risk of SSIs in cranial neurosurgery. Therapies that affect immune function may have effects on the risk of SSIs in cranial surgery that differ from those in other surgical fields. 21, 23 Not only does the central nervous system (CNS) have a unique anatomical environment that includes the dura mater, it also has a distinctive immune environment with microglia and relatively few neutrophils. In the limited data that exist on the predictors of SSIs in cranial patients, it was noted in a small singlecenter study that preoperative chemotherapy trended toward significance in increasing SSI risk. 6 Somewhat more data exist demonstrating the impact of corticosteroids on the risks of a broad range of postoperative infections in a wide variety of neurosurgical patients, including those who have undergone cranial, spine, or peripheral nerve procedures. 25 However, there is the need for a large study that focuses on the risk of SSIs in cranial surgery and controls for factors known to specifically affect SSI risk in neurosurgical patients who undergo cranial procedures.
We hypothesized that preoperative chemotherapy and protracted steroid use increase the incidence of SSIs at postoperative Day 30. In this study, one of the largest of its kind to date, we used the American College of Surgeons National Surgical Quality Improvement Program (ACS NSQIP) database to assess the risk of chemotherapy and significant corticosteroid use on superficial and organspace cranial SSIs.
methods data source
The ACS NSQIP is a validated, prospectively maintained registry of information obtained from randomly assigned consenting surgical patients from several hundred academic and community hospitals nationwide. The ACS NSQIP database includes information on more than 250 variables, such as demographic information, preoperative characteristics, comorbidities, intraoperative variables, and 30-day morbidity and mortality data in both the inpatient and outpatient settings. There is a 95% success rate in capturing outcomes and greater than 95% interrater reliability in all variables. 31 Hospitals that participate in ACS NSQIP are required to employ specially trained surgical clinical reviewers, who adhere to strict variable definitions and collection methods. 13, 15 A variety of methods are used to collect data, including medical chart reviews, phone calls, and letters. 31 Important exclusion criteria were patients younger than 18 years of age and patients treated for trauma. Hospitals are routinely audited to ensure that the data collected are standardized, and previous audits have found near-perfect agreement on the coding of most variables. 31 Participating hospitals are also provided with risk-adjusted outcomes from ACS NSQIP so that they may use it as a performance measure to compare with national averages. 15 Further details, including lists of inclusion and exclusion criteria in the database and wound classification criteria, are on the ACS NSQIP website (https://www.facs. org/quality-programs/acs-nsqip).
study population and primary outcomes
Prospectively collected data from the years 2006-2012 were obtained from ACS NSQIP. Cases were extracted by querying the data for cases with the primary surgeon's specialty listed as "neurological surgery." As done in previous neurosurgical studies that have queried the ACS NSQIP database, 28 all cranial procedures were selected on the basis of ACS NSQIP-used Current Procedural Terminology (CPT) codes: 21137, 21138, 21139, 21175, 21179-21184, 21299, and 61304-62121. Patients were excluded from analysis of organ-space SSIs if they had an infection that was known preoperatively, including if they were undergoing a craniotomy or craniectomy for osteomyelitis (CPT 61501) or an abscess (CPT 61320, 61321, 61514, or 61522). Cases with a wound class of 4 or a "dirty" operative site were also excluded from our analysis of superficial SSIs. Per NSQIP criteria, wounds are classified as "clean" (Class 1), "clean-contaminated" (Class 2), "contaminated" (Class 3), or "dirty" (Class 4). Cases were also grouped into those involving transsphenoidal or ethmoidal sinus penetration (CPT 61548, 61580, or 61581) versus no sinus penetration, and infratentorial (CPT 61305, 61315, 61343, 61345, 61440, 61514, 61519, 61520, 61521, or 61524) versus supratentorial. Overall malignancy and its breakdown into primary versus secondary brain cancer were defined according to pertinent postoperative ICD-9 diagnostic codes.
The primary outcome was development of an SSI by postoperative Day 30. Infectious categories were assigned by ACS NSQIP using Centers for Disease Control guidelines. These consisted of superficial incisional infections (skin and subcutaneous tissue, excluding stitch abscesses), deep-incisional infections (beneath the subcutaneous tissue until the calvaria), and organ-space infections (including the calvaria down to the brain parenchyma). Only descriptive analysis was performed on deep-incisional SSIs because there was an insufficient number of this category of infections to perform a multivariate predictive analysis. Univariate analysis was performed for 25 variables considered risk factors for superficial and organ-space SSIs. These risk factors were selected on the basis of careful review of prior related SSI literature. Significant corticosteroid use was defined by ACS NSQIP as more than 10 consecutive days of oral or parenteral medication within 30 days prior to the operation. Chemotherapy, which excludes hormonal therapy, was defined as chemotherapy treatment within 30 days preoperatively. Further operational definitions for each of the perioperative risk factors are provided by the ACS NSQIP 2013 user guide (http://www.aast.org/Assets/fe526f57-5bd3-4700-94bc-497b035551db/635282483441930000/nsqip-definitions-7-1-2013-pdf). In subsequent multivariate analysis, data were controlled for duration of operation, wound class, white blood cell (WBC) count, and other potential confounders that were significant on the univariate analysis in order to identify independent predictors of superficialincisional and organ-space SSIs.
statistical analyses
Analysis was performed using SPSS version 22 (IBM Corp.). Descriptive statistics are represented as the mean ± standard deviation and interquartile range (IQR). Initially, univariate analyses were performed on patient demographic characteristics and salient preoperative variables, using the Pearson chi-square test or Fisher exact test when appropriate for categorical data and the Mann-Whitney U-test for continuous variables (e.g., total operation time). Variables with p ≤ 0.20, as well as factors with a priori clinical significance (chemotherapy, radiotherapy, WBC count, steroids, and malignancy), were entered into a multivariate logistic regression model. We used binary logistic regression with a maximum number of iterations of 20 and significance threshold of p < 0.05. Independent predictors of SSIs were identified using this model, and their odds ratios (ORs) and 95% CIs are presented. We employed listwise deletion for subjects missing any of the studied variables. The sample of patients with complete data for each analysis is reported. Goodness of fit for each regression model was assessed via the Hosmer and Lemeshow test, which accomplishes this by testing the null hypothesis that the difference between observed and expected events is zero. The corresponding Pearson chi-square value and p value were then calculated. The predictive power of our model was quantified via receiver operating characteristic (ROC) test C-statistics, which represent the area under an ROC curve and can be used to compare the goodness of fit of regression models.
results
We identified 8215 patients from the ACS NSQIP database who met the criteria for inclusion. A total of 8098 were included in the analysis of superficial SSIs, after we excluded an additional 117 patients with a wound class of 4, since ACS NSQIP considers these patients as having a preoperative superficial infection (thus meeting our original exclusion criteria). Seventy-two patients were excluded from the organ-space SSI analysis (leaving a total of 8143) because of the presence of a preoperative abscess, which NSQIP considers a preoperative organ-space infection. Within the total population of 8215 patients, 158 patients (1.92%) developed an SSI; 52 (0.64%) of 8098 patients had a superficial SSI, 27 (0.33%) of 8215 had a deep-incisional SSI, and 79 (0.97%) of 8143 had an organ-space SSI. The mean age of our patients was 55.69 years (SD 16 years, IQR 45-67 years) and 52.4% were female, and our ethnic distribution was consistent with the general US population (see http://www.census.gov/2010census/data/) ( Table 1) .
organ-space ssi
Of the 25 factors tested by univariate analysis (Table  2) , 12 met our criteria of p ≤ 0.20 to enter into multivariate analysis to determine independent predictors of an organspace SSI at postoperative Day 30 (Table 3) . Of these 12 factors, 5 were independently significant after controlling for all other covariates (Table 3) . Independent predictors of organ-space SSI were preoperative chemotherapy (OR 5.20, 95% CI 2.33-11.62, p < 0.0001), chronic corticosteroid use (OR 1.86, 95% CI 1.03-3.37, p = 0.043), wound class (p < 0.0001), prior operation within 30 days (OR 2.32, 95% CI 1.08-5.02, p = 0.03), and operative duration (OR 1.16, 95% CI 1.07-1.26, p < 0.0001). Interestingly, leukopenia (defined as WBC count < 4000 cells/ml) was not a statistically significant factor (p = 0.75), but leukocytosis (defined as WBC count > 11,000 cells/ml) was associated with decreased odds of SSI (OR 0. In a secondary analysis, malignancy was further categorized as primary brain cancer or secondary brain cancer. 
Superficial SSI
Of the 25 variables that were tested in the univariate analysis (Table 2) , 9 met our criteria of p < 0.20 to enter into the multivariable analysis to determine independent predictors of a superficial SSI at postoperative Day 30 (Table 4). These were operative duration, current smoker, preoperative radiation therapy within 90 days, preoperative chemotherapy within 30 days, wound class, ASA class, infratentorial cases, age, and preoperative manifestations of systemic inflammatory response syndrome (SIRS) or sepsis.
Preoperative chemotherapy, although predictive for organ-space SSIs, was not a predictor of superficial SSIs in multivariate regression (OR 1.88, 95% CI 0.43-8.22, p = 0.40), and neither was a protracted course of steroids (p = 0.73, OR 0.85, 95% CI 0.34-2.14). Low, normal, or high WBC count was not a significant factor in superficial SSI (p = 0.39). The only independent predictors of superficial infection were operative duration (OR 1.13, 95% 
postinfection outcomes
The majority of superficial, deep-incisional, and organspace SSIs occurred after discharge (82.4%, 61.5%, and 74.1%, respectively). Although there was no significant difference in the frequency of postoperative death between patients with and those without an organ-space SSI (6.0% vs 4.8%, p = 0.818, respectively), patients with an organspace SSI were far more likely to have postoperative sepsis (34.9% vs 3.3%, p < 0.0001) and septic shock (8.4% vs 1.2%, p < 0.0001). Similar to organ-space SSIs, superficial SSIs did not lead to increased fatality (6.0% vs 1.9%, p = 0.372), although both were associated with poorer outcomes. Compared with patients without superficial SSIs, patients with superficial SSIs were significantly more likely to experience sepsis (9.6% vs 3.6%, p = 0.021) and require reoperation (28.8% vs 7.8%, p < 0.0001). There was a trend toward an increased frequency of septic shock (3.8% vs 1.3%, p = 0.14) in patients with superficial SSIs, and these patients had disproportionately more sepsis and septic shock than patients who developed organ-space SSIs.
discussion
In this study we examined whether chemotherapy and prolonged use of steroids predict superficial or organspace SSIs. After controlling for many previously identified covariates-including WBC count, wound class, and operative duration-preoperative chemotherapy and corticosteroid use were independent predictors of organ-space SSIs, but neither were significant risk factors for superficial SSIs.
Although the impact of oral or parenteral chemotherapy on immunity-and theoretically, the ability to fight infection-may be intuitively expected, its effect on postoperative infections has not been well described, particularly in neurosurgical patients. 6 In one small study, Chiang et al. 6 demonstrated an increased risk of SSIs on bivariate analysis, but there were only 6 patients on chemotherapy in the study. Other studies have shown an increased risk of SSIs with locally applied carmustine wafers. 24 Our study is among the largest to date demonstrating an increased risk of organ-space infections-such as meningitis-specifically among neurosurgical patients treated with preoperative or neoadjuvant chemotherapy.
Since the effects of chemotherapy on organ-space SSIs remained significant even when controlling for potentially strong confounders-including malignancy, preoperative radiotherapy, operative duration, and WBC count (Table 3 )-our findings suggest that chemotherapy affects the risk of organ-space SSIs in ways that are not readily identifiable in the clinical setting. Most notably, chemotherapy was an independent predictor even in the absence of leukopenia (WBC count < 4000 cells/ml). In light of standard practice guidelines, according to which patients undergoing chemotherapy are generally considered to be at a higher risk of infection if they have associated leukopenia (and specifically neutropenia), 10 our results suggest that even with an otherwise normal WBC count, neurosurgical patients who receive chemotherapy before undergoing cranial surgery are still at an increased risk of serious organ-space SSIs. Unlike the results of studies outside of neurosurgery, our finding that leukopenia was not predictive of organ-space SSIs in the multivariate model suggests that standard clinical tests, such as a complete blood count, may not sufficiently assess the risk of postoperative CNS organ-space infections in patients receiving chemotherapy.
Our finding that significant preoperative corticosteroid use increases the risk of an organ-space SSI may follow the similar logic that immunocompromising therapies are associated with an increased risk of SSIs. Specifically, our study focused on more than 10 days of corticosteroid use within the 30 days immediately preceding surgery, which is generally longer than the shorter-term regimens that are frequently prescribed preoperatively for a variety of cranial procedures. 8, 29 Our data suggest, in effect, that patients who are prescribed longer courses of steroids as a preoperative measure, or those who take corticosteroids for other reasons, such as rheumatologic disorders, have a higher risk of an organ-space SSI at 30 days after surgery. Our results are consistent with one of the few previous studies examining the risk of infection in neurosurgical patients on protracted corticosteroid therapy. 25 In this larger study by Merkler et al., 25 which broadly assessed the risks of many types of postoperative infections-including pneumonia, SSIs, and urinary-tract infections-after neurosurgical procedures, the authors found that corticosteroid use was associated with an increased risk of an organ-space SSI (OR 3.95, CI 2.29-6.79, p < 0.001). They assessed this risk in neurosurgery in a broad sense, however, with limited classification of subgroups. Indeed, organ-space SSIs are not necessarily comparable among the varying cra- nial, spine, and peripheral nerve surgeries. In addition, the authors did not control for certain factors, such as WBC count and duration of operation, so the effects of these potential confounders is unclear.
Merkler et al. did, however, find that while corticosteroid treatment increased the risk of organ-space SSIs in the general neurosurgical population, it did not increase the risk of superficial SSIs, a finding that is consistent with our analysis of corticosteroid use as well as for chemotherapy. In effect, these therapies appear to increase the risk of deeper SSIs largely occurring in the brain parenchyma, but not superficial SSIs of the skin and subcutaneous tissue. The underlying reason for this distinction, although unclear, may be that there are 2 separate disease processes, which not only affect different tissues but are also divided by multiple layers, including the dura, bone, and galea. In addition, the CNS has a privileged immune environment 14 that is distinct from the systemic myeloid cells in the skin and subcutaneous tissue of the scalp. For example, the CNS is relatively devoid of neutrophils and instead has microglia, 27 which are largely not derived from the bone marrow 12 and have a lower turnover rate. 11, 21 In effect, there are a variety of potential reasons that may explain our findings that systemic chemotherapy and corticosteroids significantly impact the risk of organ-space SSIs, but not superficial SSIs, in cranial neurosurgery.
In addition to our findings regarding chemotherapy and corticosteroids, we found other independent predictors of organ-space and superficial SSIs that are consistent with previous studies, including wound class, ASA class, and operative duration. An infratentorial location was also an independent predictor of a superficial SSI, a result also consistent with previous studies. 33 Interestingly, a WBC count above 11,000 cells/ml was associated with decreased odds of organ-space SSI. Although interpretation of this finding is limited by the nature of the database, it may be attributable to a population with a high-normal WBC count due to normal variation. Our finding that morbid obesity (BMI ≥ 40 mg/m 2 ) is an independent predictor of organ-space SSIs has not been previously found in cranial neurosurgery, although this condition has been described as a risk factor in other surgical specialties. 1 We did not find diabetes mellitus, radiation therapy within 90 days, intra-or preoperative transfusions, smoking, or advanced age (> 65 years) to be predictive of organ-space or superficial SSIs.
Certain limitations in our study should be noted. Although the ACS NSQIP database is a highly valuable resource that contains detailed guidelines on how to record patient characteristics and surgical outcomes, we were limited by some of the database's definitions. We could not include certain details in our analysis, including the specific type or dose of chemotherapy, corticosteroids, or radiation. We were able to categorize steroid use as "significant" because the database included a separate category for patients undergoing steroid therapy for more than 10 days. However, the database did not provide information about short-term steroid use. For chemotherapy, we were unable to assess the impact of less-common, alternative deliveries of chemotherapy. We were also unable to control for the presence or absence of preoperative antibiotics, confounding medications possibly associated with poor wound healing, or patients with acquired immunodeficiencies such as HIV infection. Other information that cannot be obtained from the database includes information about the pathogens responsible for each SSI, the WBC differential, and certain hospital characteristics (e.g., case volume, academic setting). Although surgical clinical reviewers adhere to strict ACS NSQIP variable definitions and collection methods with interrater reliability greater than 95%, 13, 15, 31 to some degree our study may have been affected by variations in data entry or missing data. As with any large database, there are limitations to analyzing CPT codes, although we did our best to select the appropriate codes that have been used in previous ACS NSQIP studies. 28 Due to the overall low incidence of SSI events in ACS NSQIP coupled with the limits of inferring clinical information from CPT codes, we did not feel that we would be able to run a reliable statistical analysis that takes into account a variety of indications for cranial neurosurgery. Also, the CPT codes for preoperative infections (e.g., abscess) are assigned immediately prior to surgery, so if an abscess were only discovered intraoperatively, it could have been included in our analysis despite actually having been present preoperatively. Although ACS NSQIP is pioneering in that it captures 30-day outcomes with minimal loss to follow-up, it does not provide us with outcomes after 30 days.
In conclusion, we report one of the first and largest analyses showing that preoperative chemotherapy and corticosteroids are independent predictors of an organ-space SSI at 30 days following cranial neurosurgery, a finding that may be related to impaired immunity in these subgroups. Our results suggest that commonly prescribed preoperative steroids and chemotherapy regimens should be optimized to provide their necessary therapeutic effect while also minimizing the risk of dangerous organ-space SSIs. Future studies may help determine the specific duration, dose, and type of chemotherapy or corticosteroids that may significantly affect the incidence of postoperative infectious complications.
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